Objective: Current glucocorticoid replacement regimens fail to fully mimic physiologic cortisol secretion in patients with primary adrenal insufficiency. This may lead to changes in insulin requirement in patients with primary adrenal insufficiency and type 1 diabetes. Therefore, we assessed insulin requirement in patients with autoimmune polyendocrine syndrome type 2 (APS-2). Design and subjects: Ten females with primary adrenal insufficiency and type 1 diabetes (mean duration of type 1 diabetes 13G11 years and of primary adrenal insufficiency 11G9 years) were retrospectively assessed regarding insulin regimen and insulin dose adjustment. Data were compared with control patients matched for age, sex and duration of diabetes drawn from all patients with type 1 diabetes attending the diabetes outpatient clinics at the University Hospital Wuerzburg for a scheduled consultation.
Introduction
Autoimmune polyendocrine syndrome type 2 (APS-2) is a rare disease with an incidence of 1.4-4.5 cases per 100 000 population (1), affecting mainly females, the female/male ratio being 2.7-3.7 (2). It is characterised by the presence of primary adrenal insufficiency, autoimmune thyroid disease (in 69-82%) and/or type 1 diabetes (in 30-52%) (3, 4). The presentation of primary adrenal insufficiency with recurrent severe hypoglycaemia due to glucocorticoid deficiency in patients with type 1 diabetes has been well described (5-9), and a low threshold for investigating patients with type 1 diabetes to detect Addison's disease is advised (10, 11). An increase in insulin requirement to former levels and a reversal of hypoglycaemia following initiation of glucocorticoid replacement therapy are frequently mentioned in case reports (6-9). However, Burke & Emanuel have also described the difficulty of glycaemic control in a young patient with type 1 diabetes and concomitant adrenal insufficiency due to a lability of glycaemia and exquisite insulin sensitivity (12) .
Current glucocorticoid replacement regimens fail to fully mimic physiologic cortisol secretion and to restore the subjective health status to normal (13, 14) . These limitations of glucocorticoid replacement may also impact on the insulin requirement in patients with APS-2. However, no information concerning problems of insulin therapy in patients with type 1 diabetes and concomitant adrenal insufficiency is available so far. We, therefore, for the first time, analysed the pattern of insulin requirement in a series of patients with APS-2 in detail and compared it to patients suffering from type 1 diabetes only.
Subjects and methods

Patients with APS-2
We included in our retrospective analysis 10 patients with type 1 diabetes mellitus and primary adrenal insufficiency presently cared for as outpatients at the Endocrinology and Diabetes Unit of the University Hospital Wuerzburg (nZ8) or at a private practice setting in Berlin (nZ2). To identify these patients, we screened all patients with adrenal insufficiency registered at the University Hospital Wuerzburg (nZ149). Of this cohort eighty-three patients had primary adrenal insufficiency and eight of these patients also suffered from type 1 diabetes mellitus. In addition, two patients with APS-2 cared for at a private practice in Berlin by one of the authors (U E) were included. Adrenal insufficiency had been diagnosed at the time of clinical manifestation using the standard short corticotropin test (measurement of serum cortisol before and 60 min after i.v. administration of 250 mg 1-24 ACTH). In all cases, peak serum cortisol concentrations after ACTH were /500 nmol/l and baseline plasma ACTH was invariably elevated (15) . In the two patients with clinical manifestation of adrenal insufficiency before 1990, the diagnosis of adrenal insufficiency was verified by a review of the medical records. Patient data are given in Table 1 . Physical examination and standard laboratory tests were performed during the scheduled consultation. Patients were invited to a separate interview to gather further information concerning the course of the illness, concomitant diseases, diabetesrelated complications, hypoglycaemia, insulin regimen and insulin dose adjustment. All patients were willing to participate and provided informed consent. The patients were female with a mean (GS.D.) age of 44G15 years (range 27-77). Mean disease duration was 13G11 years (range 1-36) for type 1 diabetes and 11G9 years (range 0.3-31) for primary adrenal insufficiency. In five women, type 1 diabetes occurred first followed later by primary adrenal insufficiency (range 0.3-24 years).
Three of them presented with severe hypoglycaemic episodes (range 1-10) prior to diagnosis. In these patients, the time from presentation of initial hypoglycaemia to the final diagnosis ranged from 3 to 48 months. The other five women developed primary adrenal insufficiency first followed later by type 1 diabetes (range 2-30 years). Eight of the patients suffered from concomitant autoimmune disease: lymphocytic thyroiditis (Hashimoto's thyroiditis; nZ6), Graves' disease (nZ1), vitiligo (nZ1), premature ovarian failure (nZ1) and pernicious anaemia (nZ1) respectively. One patient had trisomy 21 as a predisposing condition. All patients with lymphocytic thyroiditis received replacement therapy with levothyroxine (L-T 4 ; mean daily dose 100G41.8 mg, range 50-150), one patient in combination with 10 mg liothyronine. The TSH of these patients was 1.08G0.84 mIU/l (range 0.33-2.29) with normal range of 0.3-4.0 mIU/l. The patient suffering from Graves' disease had undergone subtotal thyroidectomy due to a relapse. She suffered from subclinical hypothyroidism (TSH 7.4 mIU/l, free T 4 21.2 pmol/l (normal range 10.3-24.5)) under replacement therapy with 125 mg L-T 4 . The remaining three patients without thyroid disease had a mean TSH 0.63G0.14 mIU/l (range 0.47-0.72) and peripheral free thyroid hormones within the normal range. For glucocorticoid replacement, eight women were taking hydrocortisone and two were taking cortisone acetate (1 mg hydrocortisoneZ1.6 mg cortisone acetate) (15) . The administered daily dose was 24.7G5.0 mg hydrocortisone (range 15.6-31.3 mg) and 0.40G0.13 mg hydrocortisone/kg body weight (range 0.20-0.64). Glucocorticoid replacement was given as two (eight patients) or three daily doses (two patients); 61.4G9.6% (range 50.0-75.0%) of the administered daily dose was taken in the morning, 64.3G8.5% by the patients with two and 50.0G0% by the patients with three daily doses. Patients were taking their first daily dose in the morning between 0700 and 0800 h and the second dose between 1330 and 1430 h. The two patients with three daily doses took their third dose Table 1 Sequence and age (in years) at presentation of autoimmune diseases in the patients with autoimmune polyendocrine syndrome type 2 (APS-2).
Age (years)
Sequence and age (years) at presentation Hypoglycaemia between 1800 and 2000 h. None of the patients suffered from micro-or macrovascular chronic complications of diabetes mellitus.
Patients with type 1 diabetes only
Data from all patients (nZ56) with type 1 diabetes who attended the outpatient clinics of the Endocrinology and Diabetes Unit of the University Hospital Wuerzburg for a scheduled consultation with physical examination and routine laboratory testing during a 3-month period were screened. A careful history of the course of the illness, diabetes-related complications, hypoglycaemia, insulin regimen and insulin dose adjustments were available in all patients. Out of this cohort, control patients were selected for the patients with APS-2, matched for gender, age and duration of type 1 diabetes, prior to any further analysis (see Table 2 ). A regular thyroid function was present in all of these patients, mean TSH was 1.04G0.64 mIU/l (range 0.18-2.40).
The patient with reduced, but not suppressed, TSH showed peripheral free thyroid hormones within the normal range. One patient had mild non-proliferative diabetic retinopathy and mild gastroparesis and two patients had microalbuminuria without further signs of renal impairment. Patients in both groups were in long-term care as outpatients at the Endocrinology and Diabetes Unit of the University Hospital Wuerzburg (nZ8) or at a private practice setting in Berlin (nZ2) by one of the authors. They had been repeatedly educated to balance the dose of prandial insulin with the amount of carbohydrates to be ingested. Therefore, carbohydrates are counted in grams and translated into 'carbohydrate choices'. Differing from the prevailing definition in the AngloAmerican literature (one carbohydrate choice equals 15 g carbohydrate) patients were educated that one carbohydrate choice equals 10 g carbohydrate, according to the guidelines of the German Diabetes Association. Prior to the separate interview of the patients with APS-2 and for the scheduled consultation of the patients with type 1 diabetes only, patients were asked to record their plasma glucose measurements, their carbohydrate intake, and their insulin dose for several days (a minimum of 5 days). The mean insulin/carbohydrate-ratios for the morning, for noontime and the evening were then assessed. The mean total insulin dose (IU/day) and the mean basal insulin requirement (IU/day) were calculated.
Laboratory measurements
In all patients, HbA1c was measured by established methods (HPLC). Local HbA1c values were adjusted to diabetes control and complications trail (DCCT) standards (normal range 4.05-6.05%) with an evaluated standardised procedure (16) .
Statistical analysis
Distribution of the data was determined by using the Kolmogorov-Smirnov test. Results are expressed as means with S.D.s in parentheses for parametric data. Median and interquartile ranges are given for non-parametric data. The c 2 test (for categorical variables), two-tailed t-tests (for normally distributed unpaired data), Mann-Whitney U test (for non-normally distributed data) and Pearson's coefficient of correlation were used for the statistical analyses. Changes at the 5% probability level were considered statistically significant.
Results
Metabolic control
Measurement of HbA1c revealed good glycaemic control in the majority of patients in both groups (Table 3 ). In patients with APS-2, HbA1c ranged from 5.9 to 8.2%, in control patients from 5.6 to 8.2% (PZ0.479).
Thyroid function was similar in patients with APS-2 (TSH 1.57G2.15, range 0.33-7.40 mIU/l) compared with control patients (TSH 1.04G0.64, range 0.18-2.40; PZ0.472).
Insulin therapy
In both groups, eight of the patients were treated with intensive conventional insulin therapy and two patients were treated with continuous s.c. insulin infusion (CSII) respectively. All patients with CSII used rapid-acting insulin analogues. Four patients with APS-2 used rapid-acting analogues in combination with long-acting analogues, two patients used rapid-acting analogues and intermediate-acting insulin, one patient used regular insulin alone due to extremely low insulin requirements, and the patient with trisomy 21 used rapid-and long-acting analogues and partially pre-mixed rapid-acting analogue with intermediateacting insulin. Five control patients used rapid-acting Table 3 . The mean insulin/carbohydrate-ratio for 10 g of carbohydrate was 1.9G1.0 (range 1-3.6) in the morning for the patients compared with 1.4G0.5 (range 0.8-2.3) in the control patients (PZ0.191), and was significantly higher at noon with 2.0G0.9 (range 1-3.3) vs 1.1G0.5 (range 0-1.8; PZ0.018) and also significantly higher in the evening with a mean of 2.1G1.1 (range 1-4.6) vs 1.3G0.5 (range 0.3-2.0; PZ0.039; Fig. 1) . In both groups patients estimated their correction factor to be 40, implying that one unit of insulin will decrease the blood glucose level by 40.0 mg/dl (APS-2: quartiles 28.8/40.0, control patients: quartiles 37.5/40.0 mg/dl; PZ0.594; Table 3 ).
The two patients with APS-2 receiving three daily doses of glucocorticoid replacement had a 12% higher mean weight-adjusted daily dose of insulin (absolute difference: 0.08 IU/day per kg body weight) compared with the patients with two daily doses of glucocorticoid replacement.
Frequency of severe hypoglycaemia
Six APS-2 patients and three control patients experienced severe hypoglycaemia (need of another person's assistance and blood glucose below 50 mg/dl or prompt recovery after oral carbohydrate, i.v. glucose or glucagon administration) during the last 3 years (c 2 test: PZ0.178). The median annual frequency of severe hypoglycaemia during the last 3 years was 0.3 (quartiles 0.0/0.4) in the patients with APS-2, and 0.0 (quartiles 0.0/1.0) in the control patients (PZ0.531). All the patients (APS-2 and control patients) who experienced severe hypoglycaemia suffered from type 1 diabetes for at least 3 years and in the case of APS-2 suffered from adrenal insufficiency for at least 6 years. Therefore, hypoglycaemia prior to initiation of glucocorticoid replacement therapy was not a confounding factor.
When patients with APS-2 were asked for the predominating diabetes-related difficulties, six reported that they had significant difficulties with blood glucose management during physical activity. Figure 1 Mean insulin/carbohydrate-ratios (IU insulin/10 g of carbohydrate) for the morning, for noontime and for the evening derived from plasma glucose measurement, carbohydrate intake and insulin dose (minimum observational period 5 days).
Discussion
The major finding of our study is a significantly different pattern in insulin requirement in patients with primary adrenal insufficiency and type 1 diabetes compared with matched control patients with type 1 diabetes only. While the percentage of daily basal insulin coverage was lower in the patients with adrenal failure, insulin requirements to provide glycaemic coverage for meals were higher in patients with APS-2 compared with the control patients as evidenced by elevated insulin/ carbohydrate-ratios. While in individuals with type 1 diabetes and intact adrenal function the insulin requirement for prandial glycaemic coverage was the highest in the morning, in the patients with APS-2 receiving glucocorticoid replacement therapy the prandial insulin requirement increased throughout the day.
These differences most likely reflect differences in glucocorticoid availability. Current glucocorticoid replacement therapy is associated with two major problems, one is the total administered glucocorticoid dose and the other is the non-physiological distribution of oral glucocorticoids.
A daily oral administration of 15-25 mg hydrocortisone is recommended for glucocorticoid replacement therapy (17) . Usually, hydrocortisone is given in two or three daily doses, with one half to two-thirds in the morning (15) . In our patients, the mean daily dose of hydrocortisone was 24.7 mg and did not correlate to body mass index. There are still no established objective parameters for monitoring replacement therapy and for guiding dose adjustments. Instead, the evaluation of glucocorticoid replacement quality relies primarily on clinical judgement (18) . When hydrocortisone replacement therapy was assessed by Peacey et al. in hypoadrenal patients with serum cortisol day curves, 24-h urine free cortisol excretion and markers of bone metabolism, a reduction in dose was conducted in 75% of the patients (19) . The mean daily dose of hydrocortisone decreased from 29.5 to 20.8 mg.
The total daily insulin requirements adjusted to body weight in the patients with APS-2 were 35% higher than in control patients with only type 1 diabetes. Tight glycaemic control was achieved in both groups showing mean HbA1c levels comparable with those of the intensive therapy DCCT cohort (20) . The higher insulin requirement per body weight in the patients with APS-2 on replacement therapy and the significantly higher insulin requirement for prandial glycaemic coverage at noontime and in the evening compared with the control patients may indicate over replacement with glucocorticoids also in our cohort. However, while the mean hydrocortisone dose in our cohort is at the upper limit of the recommended dose range, it was not different from recently published data in a large series of patients with primary adrenal insufficiency (14) .
The lower percentage of daily basal insulin coverage in the patients with adrenal failure and the distinct pattern of insulin requirement for prandial glycaemic coverage with an increase during the day also suggest pharmacokinetic limitations of standard hydrocortisone replacement therapy. This leads to abnormally lowcortisol levels during the night and in the early morning hours, whereas endogenous cortisol levels rise steeply from low levels at midnight to peak values around 0700 h in subjects with intact adrenals. Thus, insulin sensitivity is relatively high in the morning in patients with APS-2 but decreases after the ingestion of the morning dose of hydrocortisone leading to significantly higher insulin/carbohydrate-ratios throughout the day. Plat et al. showed a delayed appearance of relative insulin resistance after glucocorticoid administration in healthy volunteers in whom endogenous cortisol levels had been suppressed by treatment with metyrapone at 4-h-intervals (21) . This effect was much more pronounced when 50 mg hydrocortisone was administered in the late afternoon (1700 h) compared with administration in the early morning (0500 h). In these healthy volunteers insulin secretion rate increased for at least 12 h, starting 4 h after hydrocortisone ingestion, to compensate for the observed rise in plasma glucose despite a significant decrease in insulin clearance in the evening. This most likely reflects an increase of insulin resistance after hydrocortisone treatment. These findings help to explain the significantly higher insulin/ carbohydrate-ratio in the evening in our patients. The usual administration of the second daily dose of glucocorticoid replacement in our patients between 1330 and 1430 h may lead to an increase of insulin resistance starting at about 1800 h which has to be covered by higher doses of prandial insulin in the evening.
Favourable effects of administration of modifiedrelease prednisone that adapts the release to the circadian rhythms of endogenous cortisol have been demonstrated in patients with rheumatoid arthritis (22) . Modified-release preparations are under development also for long-term hydrocortisone substitution (23) . Whether such formulations will allow a more physiological glucocorticoid replacement therapy in patients with adrenal insufficiency and lead to a normal pattern of insulin requirement in patients with concomitant diabetes type 1 has to be assessed.
In both groups, the annual frequency of severe hypoglycaemia was low. Still, there were more control patients without any severe hypoglycaemia. The course of severe hypoglycaemia in patients with both diabetes type 1 and adrenal insufficiency seems to be less favourable (24) . An increase of catecholamines during hypoglycaemia and physical activity is a major component of hormonal counter regulation (25) . An impaired counter regulatory hormone response due to inadequately low serum cortisol and epinephrine levels has been described by Phornphutkul et al. (7).
Epinephrine synthesis in the adrenal medulla depends on high levels of local glucocorticoids stimulating the enzymatic activity of phenylethanolamine N-methyltransferase. These local levels of glucocorticoids are not achieved by orally administered replacement therapy (26) . The impaired epinephrine response may also explain the difficulties in glycaemic control during physical activity in our patients with APS-2 as it may facilitate activity related hypoglycaemia.
In summary, glucocorticoid replacement therapy in patients with primary adrenal insufficiency is associated with non-physiological glucocorticoid availability leading to significant changes in insulin requirements in patients with APS-2 as compared with patients with type 1 diabetes only. Special concern should be given to prevent over replacement with glucocorticoids in these patients and to identify adequate insulin/carbohydrateratios at noontime and in the evening.
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